Introduction
The trace element molybdenum is an essential component of key physiological systems in animals, plants and microorganisms. 1 The human body contains 8 -10 mg of molybdenum. The daily requirement of 25 μg 2 is met by the normal daily food intake of approximate 300 μg. 3 Molybdenum toxicity in animals primarily affects ruminants. Little data are available concerning toxicity or carcinogenicity to humans. In industry, molybdenum is mainly used as a catalyst, or as an additive in stainless-steel, for example, it is also used as a material for electronic circuit boards and lubricating oil. As molybdenum is a rare metal, there is a need to secure stable sources. One disadvantage is that molybdenite can not be mined in Japan, suggesting a risk to future supplies of molybdenum. Such as, recovery and reuse of molybdenum are very important when considering the global supply and demand of industrial metals, including rare metals and critical metals. In this challenge, it will be necessary to precisely measure the concentration of molybdenum in drainage. Inductively coupled plasma atomic emission spectrometry (ICP-AES) and mass spectrometry (ICP-MS) have been used to detect multiple elements in different samples. Although ICP has been a powerful technique in trace molybdenum analysis, one disadvantage of ICP is the large consumption of argon gas. Moreover, the method does not work well with highly saline water. 4, 5 The predominant species of molybdenum in natural water (pH > 4) is molybdate. 6 Ion chromatography (IC) is suitable for the simultaneous analysis of several low molecular weight inorganic ions and has a wide range of applications in environmental science, electronics, and pharmaceutical science. 7, 8 Although the suppression technique makes it possible to measure the concentration of trace molybdate, high levels of alkali and alkaline-earth metals in samples complicate suppressed IC analysis of trace components. Non-suppressed IC with photometric detection was published for the on-column matrix elimination. This method can deal with samples such as seawater that contain high concentrations of matrix anions by using the same matrix anion as the eluent. A drawback of this method is that the detection limits of molybdate is in the sub-ppm range. 9 An iminodiacetic acid (IDA) chelating resin was used for IC determination of transition and rare-earth elements in complex matrices. 10 Recently, Sakamoto and coworkers developed a chelating resin that immobilizes both IDA and diethylenetriamine-triacetic acid (DTTA) and that can form EDTA-like complexes.
11
This resin could concentrate molybdate quantitatively but was ineffective for alkali and alkaline-earth metals under acidic conditions. Molybdate could be easily desorbed from this resin under basic conditions but the large majority of transition metals still remained. 12 The resin A simple and sensitive suppressed ion chromatography (IC) method with conductivity detection for the determination of molybdate in environmental water is proposed. Molybdate in highly saline water was extracted and precocentrated. Preconcentration was accomplished by using a chelating resin using a chelating resin immobilized with carboxymethylated polyethylenimine (Presep ® PolyChelate). This resin is able to trap a variety of metal elements without any interference of alkali and alkaline-earth metals. A 30-mL volume of brackish water was adjusted for appropriate pH and then flushed through 100 mg of the chelating resin. Molybdate concentrated on the resin could be easily eluted with 6 mL of 0.1 M NaOH. A large volume injection method for IC was achieved with in-line neutralization of the effluent. The determination of 0.6 μg L -1 molybdate in highly saline water was made possible with a 500-μL injection. Samples of brackish water were taken at various distances from the river mouth. The determined concenctrations of molybdate correlated closely with concentrations of chloride. Notes was used to determine the metal elements in seawater. 13 Kagaya's group also developed a chelating resin that immobilizes a soft ligand.
14 This resin carboxymethylated pentaethylenehexamine (CM-PEHA) behaves similarly to the DTTA type resin in its adsorption/desorption of transition and rare metals but retains negligible amounts of alkali and alkaline-earth metals in the range of acidic to neutral pH.
In this study, IC was combined with a CM-PEHA chelating resin to detect trace amounts of molybdate in environmental water. Sensitivity was improved by using a large injection volume and performing in-line neutralization of the highly alkaline effluent from the chelating resin.
Experimental

Reagents
In this study, reagents used for the preparation of the eluents and the sample pretreatment were all of guaranteed grade and were purchased from Kanto Chemicals (Tokyo, Japan). Molybdate stock solution (1000 mg L -1 ) was prepared by dissolving 151.3 mg of sodium molybdate dihydrate in 1.5 mL of 1 M NaOH and then filling up to 100 mL with pure water. The working analytical solutions were prepared by diluting the stock solution with pure water just before use. Water was purified with an LV408 (Toray, Tokyo, Japan). The CM-PEHA chelating resin is commercially available from Wako Pure Chemical Industries (Osaka, Japan) under the product name Presep ® PolyChelate (PPC).
Instruments
An IC system using in-line neutralization was assembled in the laboratory (Fig. 1) . In this system, a Metrohm (Herisau, Switzerland) Professional IC850 was used, which was equipped with an 858 Professional Sample Processor. All chromatographic separations were performed on a Metrosep A Supp 7 column (250 mm × 4.0 mm i.d.) at 45 C. The eluent consisted of 7.2 mM Na2CO3 and 5.0 mM NaOH, and the flow-rate was 0.7 mL min -1 . The injection volume was 500 μL. The column effluent was monitored with a conductivity detector.
Chelating extraction of molybdate
A 100-mg dry weight of PPC resin was packed in a 3-mL SPE cartridge (BondElut Reservoir, Varian). According to the previous report, 14 the cartridge was conditioned by passing 5 mL of water/methanol (9+1), 5 mL of water, 10 mL of 0.1 M NaOH, 10 mL of water, 0.1 M acetate buffer (pH 4.5), and 10 mL of water, in the denoted order. Brackish water samples were collected from the surface of Toyama Bay in the Japan Sea at three sites located 1.4, 2.2, and 4.2 km offshore from the mouth of Oyabe River, and the three sampling sites were referred to as "A", "B" and "C" correlating to the order of distance. Seawater and an equal same volume of acetate buffer were concentrated on the PPC cartridge. The cartridge was washed with 20 mL of water, then the concentrated molybdate was eluted with 6 mL of 0.1 M NaOH. The eluate was neutralized by passing it through the suppression module (Metrohm) prior to IC analysis.
Results and Discussion
Optimum conditions for molybdate separation
The components in environmental water depend on the place of water sampling. There is a need for an effective IC method for the determination of trace molybdate in any kind of samples. The separation of molybdate from the main ingredients in highly saline water by IC was evaluated by using standard solutions. Because the hydrophobicity of molybdate enhances its retention on the anion-exchange column, there is no interference by the common anions. The eluent concentration must be raised to shorten the analysis time. When the eluent was established to 7.2 mM Na2CO3/5.0 mM NaOH, chloride, nitrate, sulfate and molybdate were eluted after 6.4, 7.7, 12.2 and 20.2 min, respectively.
Preconcentration of molybdate
Although the PPC resin has an excellent affinity to molybdate under conditions of pH below 7, 14 the extraction efficiency on the PPC resin is strongly affected by extremely pH of the sample solution. First, the ingredient and pH of the buffer solution added to environmental water were investigated. It is necessary to keep environmental samples acidic before loading on the PPC cartridge, but buffering anions cause interfering peaks in the chromatograms. Acetate buffer was chosen because molybdate and acetate could be separated. Highly saline water requires a large volume of buffer solution for adjusting the pH. When an equal volume of 0.1 M acetate buffer (pH 4.5) was added to seawater, the pH value of the solution was around 4.5. In the next step, the packing weight of PPC resin used for chelating extraction was investigated. When using 50 mg of the PPC resin, leakage of the molybdate was observed by loading 10 mL of seawater as a highly saline environmental sample. A 100-mg amount of the resin was necessary to quantitatively adsorb molybdate in 30 mL of the seawater sample solution. Finally, the elution conditions for molybdate were tested using the PPC cartridge passed through 5 mL of 1 mg L -1 standard solution. NaOH solution was chosen for the elution of the adsorbed molybdate because the PPC resin easily desorbed molybdate using a solution with a pH higher than 8. Desorption of molybdate as a function of the volume of NaOH eluent is shown in Fig. 2 . With either 0.1 or 0.2 M NaOH, more than 98% of molybdate adsorbed on the resin was eluted within 6 mL. As for the neutralization process by using the suppression system, 0.1 M NaOH was used as the eluent in subsequent experiments.
Neutralization of the eluate with suppression system
Injection volume is an important factor in addition to preconcentration for the determination of trace molybdate. It is difficult to inject a large volume of alkaline eluate on an IC column. Therefore, neutralization of the eluate was performed by using a suppression module. A good correlation could be obtained between the peak areas and injection volumes of 0.1 μg mL -1 standard solution in the range of 20 to 500 μL. After neutralization, the eluate was acidic because of the residual anions from the seawater and buffering constituent. There were no great differences in retentions, peak areas and shapes of molybdate while injecting 500 μL of standard and neutralization solutions. The results showed that the peak shape of molybdate is independent on the sample matrices in the large volume injection. The calibration curve with a 500-μL injection was observed to be linear in the concentration range of 0.005 -0.5 mg L -1 molybdate with the correlation coefficient of 0.997. The limit of quantitation was 0.003 mg L -1 molybdate at the S/N = 10 level. This value is equivalent to approximately 0.6 μg L -1 molybdate in water samples with a 5-fold enrichment factor.
Application to seawater samples
The purpose of this study is to facilitate the measurement of river water samples for trace molybdate, in which was easily released as industrial waste to the environment. However, a number of difficulties must be considered in the analysis of water samples taken from the river mouth. Therefore, the proposed method was applied for the determination of molybdate in real brackish water samples taken from Toyama Bay. The molybdate concentration could be estimated from the chloride concentration. A 60-mL sample solution was prepared by adding 30 mL of acetate buffer to 30 mL of brackish water. The sample was then preconcentrated on the PPC cartridge, and then the adsorbed molybdate was eluted with 6 mL of 0.1 M NaOH (5-ford enrichment). In the brackish water, 6 -9 μg L -1 of molybdate (3.6 -5.4 μg L -1 as Mo) was determined. Figure 3 shows chromatograms of solutions consisting of the standard and sample C. Although large peaks for the common anions in brackish water were detected, molybdate was clearly separated from them. An additional recovery test was carried out by using sample C and adding 5 μg L -1 of molybdate. A recovery rate of 105 ± 5% (n = 3) was obtained. Seawater has a very small amount of molybdenum and oceanographers, meaning that the Mo/Cl ratio does not vary. The mean concentrations of molybdenum and chloride in the ocean are considered to be 10 μg L -1 and 19.4 g L -1 , respectively. 15 The chloride concentrations in the seawater of each point measured beforehand by IC were compared with those of molybdate determined by the proposed method. The results are shown in Fig. 4 and the MoO4 2-/Cl -ratio of the mean values in the ocean is described by the dashed line. All the ratios measured were lower than the dashed line. One reason could be that the extraction or elution efficiency of molybdate from the PPC cartridge decreased in the actual samples. The proposed method can achieve the determination of molybdate in highly saline water samples by combining IC equipment with a simple sample pretreatment procedure. The proposed method will be an effective low-cost method for investigating molybdenum distribution in environmental water.
